An approximate method is extended for analyzing the free vibration problem of simply supported orthotropic square plate with a square hole. In this paper, a square plate with a square hole is transformed into an equivalent square plate with non-uniform thickness by considering the hole as an extremely thin part of the equivalent plate. Therefore, the dynamic characteristics of a plate with a hole can be obtained by analyzing theequivalent plate. The Green function, which is the discrete solution for the deflection ofthe equivalent plate, is used to obtain the characteristic equation of the free vibration. The effects of the side to thickness ratio, hole side to plate side ratio and the variationof the thickness on the frequency properties are considered. Some numerical analyses are carried out for the simply supported orthotropic square plate with a square hole. The efficiency and accuracy of the numerical solutions by the present method are investigated.
Introduction
Plates with holes are extensively used in aeronautical, mechanical and civil structures to lighten the structure and to obtain the convenient connection of structural members. Their dynamic characteristics have been studied for many years. Most previous investigations have been confined to isotropic plates with holes- [1] [2] [3] [4] [5] . The study of composite plates with holes are rather limited. Reddy [6] studied the large amplitude free vibration of layered composite plates with-rectangular cutouts by finite element method. Frequencies corresponding to linear and nonlinear situations were presented for thin and thick orthotropic and laminated composite plates. Avalos, Larrondo and Laura [7] obtained the frequency parameters for anisotropic rectangular plates with free-edge holes by using the Rayleigh-Ritz method. The effects of aspect ratio, hole side to plate side ratio and the position of the hole on the frequency properties were investigated.
However, in these studies the effect of the variation of the thickness on frequency properties was not considered.
This paper extends the early work [8] to analyze the free vibration of orthotropic square plates with a hole. By considering the hole as an extremely thin part of-a plate, the free vibration problem of a plate with a hole can be transformed into the free vibration problem of its equivalent square plates with non-uniform thickness. Green function, which is the discrete solution for the deflection of the equivalent plate, is used to obtain the characteristic equation of the free vibration. The effects of side to thickness ratio, hole side to plate side ratio and the variation of the thickness in one direction or two directions on the frequency properties are presented. The lowest 5 frequency parameters and their mode shapes are given for simply supported orthotropic square plates with a square hole. By comparing the present results with those previously reported, the convergence and accuracy of the present method are investigated.
2.
Discrete Green Function An xyz coordinate system is used in the present study with its x-y plane contained in middle plane of an orthotropic square plate and the z-axis perpendicular to the middle plane of the plate. The thickness and the length of the orthotropic square plate are h and a, respectively. The principle material axes of the plate in the direction of longitudinal, transverse and normal directions are designated as 1, 2 and 3. The differential equations of the plate with a concentrated load P at point-(xq,yr) are as follows:
( 
The solution Xpij of the simultaneous equation (4) is obtained as follows: area becomes one of the inner dependent points of the following larger areas. Whenever the quantity Xpij at the main point (i, j) is obtained by using the equation (5) in the above mentioned order, the quantities Xtkj, Xtil and Xtkl at the inner dependent points of the following larger areas can be eliminated by substituting the obtained results into the corresponding terms of the right side of equation (5). By repeating this process, the equation Xpij at the main point is only related to the quantities Xrk0 Figure 1 , respectively. The result is as (6) where apijfd, bpijgd and qpii are given in Appendix C. The equation (6) gives the discrete solution of the fundamental differential equation (2) Figure 3 ) by considering the hole as an extremely thin part of the plate theoretically. The thickness of the actual part of original square plate is expressed as h, and the thickness of the extremely thin part of the equivalent square plate is expressed as ht. The thickness of the plate along the border line between the actual part and the extremely thin part is chosen as (h + ht)/ 2. In this paper, numerical results are obtained for a simply supported square plate with a central square hole. The simply supported and free edges are denoted by the symbols S and F, respectively, and shown by solid line and dotted line. The plates with four simply supported edges are denoted as SSSS plates.
5.
Characteristic 
where ƒÏ is the mass density of the plate material.
The non-dimensional expressions are used as where po is the standard mass density. By using the numerical integration method, equation (7) is discretely expressed as From equation (8) (10) where 6.
Numerical Results
The convergence and accuracy of numerical solutions are investigated for simply supported isotropic and orthotropic plates with holes for the cases of uniform thickness and variable thickness in one or two directions. The material properties of isotropic and orthotropic plates are shown in Table 1 . Fig. 4 The fundamental frequency versus the divisional number m(= n) for SSSS isotropic square plate with a square hole and uniform thickness (c/a = 0.5, a/h = 100, h/ht = 12). 6 Table 2 The natural frequency parameter A of SSSS isotropic square plate with a square hole and uniform thickness for various thickness ratio h/ht (c/a = 0.5, a/h = 100, m = n = 16) Table 3 The first five frequencies versus the ratio c/a for SSSS isotropic square plate with a square hole and uniform thickness (a/h = 100, h/ht = 12) a square hole are given in Table 3 method are lower and higher than those results [4, 9] , respectively. For the plate with c/a = 0.5, all the present results are lower than FEM results in references [4, 9] . From Table 3 , it is noticed the results obtained by different methods are some different but the maximum error is smaller than 5 percent. The effects of the hole size on the first 5 frequencies for the SSSS isotropic thin square plate can be found from Chow [11] and Reddy [6] shown in Figure 6 . Comparing the results of the fundamental frequencies of isotropic and orthotropic plates with c/a = 0.5 shown in Table 3 and Figure 6 , respectively, it can be noted that the fundamental frequency decreases a little first and then increases with c/a for isotropic plate, while it decreases with c/a for orthotropic plate. To explain the phenomenon, two effects introduced by a hole are considered. The first one is a reduction in the strain energy of the plate which will decrease the frequency of the plate. The second one is a reduction in the mass which will increase the frequency. For the isotropic plate with a small hole, the first effect might be the dominant effect, and the frequency would decrease. But for a larger hole, the second effect might become the primary effect, and the frequency would begin to increase. Further explanation can be found Fig. 7 The fundamental frequency versus the thickness ratio a/h for SSSS square plate with a square hole and uniform thickness (h/ht = 12).
in [4] . Table  5 with the results of Appl and Byers [12] . In this 
Conclusions
An approximate method is extended for analyzing the free vibration problem of simply supported orthotropic square plate with a square hole. An equivalent square plate is used to obtain the dynamic characteristics of a plate with a hole. The characteristic equation of the free vibration is gotten by using the Green function. The frequency parameters and their mode shapes are shown for simply supported thin and moderately thick plates with a hole for isotropic and orthotropic cases. It can be found that the transverse shear deformation effect is much more pronounced in orthotropic plate than in isotropic plate. The effects of the variation of the thickness in one and two directions on the frequencies are considered. The results by the present method have been compared with those previously reported. It shows that the present results have a good convergence and satisfactory accuracy.
Although numerical results are given for only simply supported plates, the present method is a general method and can be used to solve the vibration problem of plates with different boundary conditions. 
